The colonization history and present-day population structure of the European subspecies of the great tit Parus major major were studied using mitochondrial control region sequences. One major haplotype was found in all but one of the eight sampled populations from Spain to northern Finland. The other haplotypes diered from the common one by just a few substitutions; the overall nucleotide diversity was 0.00187 and haplotype diversity 0.8633. No population structuring was detected. The mismatch distribution followed the expected distribution of an expanding population. The estimated time to the most recent common ancestor coincides with the last glacial period. The results suggest that P. m. major survived the last glacial period in a single isolated refuge probably by the Mediterranean Sea. This was followed by rapid colonization of the European continent and population growth. The most recent range expansion northwards is still occurring. Gene¯ow between the sampled populations is extensive. It is aided by juvenile dispersal, long-distance movements of juvenile¯ocks and partial migration in the northern parts of the great tit's range.
Introduction
The races of the great tit Parus major have been classi®ed into four subspecies groups, major, minor, cinereus and bokharensis, each consisting of several subspecies (Snow, 1954) . These groups and subspecies form a classic example of a geographical`Rassenkreis' among birds. The major group has the widest distribution area of these great tit allospecies, covering the whole of Europe and reaching the Paci®c coast as a wide zone in northern China and southern Russia. The group consists of eight subspecies of which the nominate P. m. major occurs from the whole of Europe (excluding Britain, Ireland and some Mediterranean islands) eastwards to the Altai mountains. In the north, the distribution reaches the Fennoscandian Lapland and in the south it reaches the Mediterranean region, where ®ve other allopatric subspecies of the major group have been described (Snow, 1954) .
In Europe, the range of the great tit has expanded northwards during this century. The ®rst records of breeding great tits in northern Norway (Finnmark and Troms; Haftorn, 1957) and northern Finland (Inari; Veistola et al., 1994) are from the 1950s. The great tit is able to survive and breed in many kinds of habitat as long as holes for nesting are provided. The range expansion northwards has therefore been aided by man by providing nest-boxes for the breeding season and food for winter (Haftorn, 1957; Orell, 1989) . It has been suspected that the productivity of the northern areas is too low to maintain populations. Clutch size and number of¯edglings are lower than in the mid-latitudes and a second breeding is attempted, but tends to fail, in the far north (Veistola et al., 1994) . The northernmost birds breed almost exclusively in man-made nest boxes. In KilpisjaÈ rvi, northern Finland, mortality among overwintering birds is very high (JaÈ rvinen, 1983) . Such populations can be maintained only by immigrants from more productive areas, as suggested by source±sink dynamics (Pulliam, 1988) .
In northern Europe the great tit is a partial resident migrating irregularly, unlike in the southern parts of Europe, where it is sedentary after the establishment of territories (Gosler, 1993) . Irruptive movements in large numbers have been observed in the north during autumn (Linkola, 1961) .
In the southern and south-eastern range of the distribution area P. m. major contacts ®ve allospeci®cs. Racial dierentiation here supports the idea that the Mediterranean region was a refuge during the last ice age. As the ice receded, P. m. major invaded north and east (Gosler, 1993) . If this is true, molecular analyses should reveal signs of (i) population bottlenecks during the glacial period, and (ii) population growth connected to the vast range expansion after the bottleneck.
The mitochondrial DNA (mtDNA) allows us to trace recent dispersal events. Demographic events like population bottlenecks or rapid growth, and isolation into subpopulations, shape mtDNA variation (Baker & Marshall, 1997 and references therein). Here we present a wide-scale study of P. m. major using mitochondrial control region sequences to reveal the recent history and present day genetic structure of the population.
Materials and methods

Samples
All populations of the study belong to the subspecies major. We received blood or egg samples from populations up in the northernmost parts (KilpisjaÈ rvi, Finland) of the species' range to those near to the southern limits of the subspecies' range (Barcelona, Spain). Altogether eight populations (Fig. 1) , each represented by six to ten individuals, were sampled (Table 1) during the years 1995±1997.
DNA isolation, PCR and sequencing
Isolation of total DNA from blood samples was performed according to standard procedures with proteinase K and SDS incubations and phenol-chloroform extractions. Mitochondrial DNA was isolated from embryonic plates, embryo and foetus as described in Kvist et al., 1998. Primers for the polymerase chain reactions were designed at ®rst from the homologous regions surrounding the mitochondrial control region. These regions were identi®ed by comparing available bird sequences from GenBank. After successful ampli®cation and sequencing of the ®rst individuals, the primers were redesigned to be more speci®c for the great tit (L16700 tRNA Glu : 5¢-ATCATAAATTCTCGCCGGGACTCT-3¢ and H1471 12SRNA: 5¢-AGTCAAGTTGCACT-CATTGCTTAAT-3¢). The PCR pro®le was the following: ®rst denaturation at 94°C for 10 min, then 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, repeated for 35 cycles and a ®nal synthesis at 72°C for 10 min. The reactions were performed in 100 lL volume using Dynazyme (Finnzymes). The ampli®cation product was puri®ed from 0.8% agarose gel as in Kvist et al., 1998. Direct sequencing of the double-stranded PCR product was performed using the dye terminator chemistry of Applied Biosystems and the ABI Prism 377 automatic sequencer according to the manufacturer's instructions. The primers for the sequencing reactions were designed in such a way that the whole control region sequence was obtained in three parts, except the ®rst eight nucleotides from the 5¢ end (H422: 5¢-CAATAAATAACCAGGCT-3¢, L340: 5¢-G CATCCACGAAGTCCAT-3¢ and L689: 5¢-TAAACC-CTTCCAGTGCG-3¢). These were not sequenced from all the individuals because a stretch of cytosine bases following these nucleotides was causing ambiguities in sequencing reactions.
Sequence divergence analysis
Control region sequences were aligned using CLUSTAL 
Population genetic analyses
A parsimony network connecting the haplotypes was constructed manually from the aligned variable sites (Appendix). Most haplotypes diered from the common type by only one or two unique substitutions. Therefore it was easy to construct the network manually. On the other hand, there were not enough phylogenetically informative sites to perform parsimony analysis with phylogenetic programs. Four substitutions (at positions 439, 561, 1158 and 1120) were used in two dierent branches and one indel (at position 1118) was used in four dierent branches. This indel was located in a C-stretch consisting of seven or eight nucleotides. It is likely to have been generated by slippage, which occurs at higher rates than e.g. transitions or transversions, during replication (Berg et al., 1995) . We considered that the phylogenetic signal of such an indel is weak, and felt it justi®ed to spread this indel to separate branches of the network.
Because of small population sample sizes, we formed two groups; the Continental group consists of popula- (Tajima, 1989) , and the expected distribution of the pairwise genetic distances in population expansion (Rogers & Harpending, 1992) were calculated for the two groups and the total population using DNASP DNASP. The coalescence time for the haplotypes was approximated according to eqn 2 in Avise et al., (1988) using the conventional divergence rate of 2%/Myr between lineages for mitochondria (Klicka & Zink, 1997 and references therein). We compared the mean pairwise genetic distances obtained from mitochondrial RFLP (0.00186; TegelstroÈ m, 1987) and control region sequences (0.00187; this study) of the great tit. As these values were almost identical we felt comfortable in using the substitution rate also in control region sequence data, though the control region is often thought to evolve faster than the rest of the mtDNA. The same divergence rate was used to calculate the long-term eective population size for females according to N e (0.5´10 8 p)/g (eqn 1, in Avise et al., 1988) , where p is the average pairwise genetic distance and g is the generation time, which was assumed to be 1.972 years (calculated from Table 1 in Tinbergen & Daan, 1990) .
Results
The length of the great tit control region was 1188±1189 nucleotides (GenBank accession no. AF059662). The nucleotide composition followed that of other avian control region sequences (e.g. Marshall & Baker, 1997); 13.6% G, 25.7% A, 31.2% T and 29.4% C. Comparison of the sequences obtained from the mitochondrial or total DNA templates showed no dierence, con®rming that we did not amplify nuclear pseudogenes. There were 52 polymorphic sites and two indels. Seventeen sites were phylogenetically informative (Appendix).
Twenty-four individuals shared the same haplotype, whereas other tits each had a unique haplotype, except that two German tits shared one, as did also a Spanish and an Estonian tit. Haplotype diversity 1 ± f i 2 for the total sample was 0.8633. The most common haplotype was found in all populations, from the northernmost population in KilpisjaÈ rvi, Finland to the southern population in Barcelona, Spain (except among the 10 birds from Harjavalta, Finland). Average nucleotide diversity p (Table 2) was 0.00187 varying from 0.00113 in the (combined) Dutch population to 0.00330 in the population from Harjavalta. There was a trend towards higher variability in the north than in the south in terms of nucleotide diversity, number of segregating sites per nucleotide and the haplotype diversity, though not signi®cantly (Mann±Whitney for nucleotide diversity Z 0.722, P 0.471 and for haplotype diversity Z 0.433, P 0.067). This was partially because of the Harjavalta population but also the Continental populations because the common haplotype was present in higher frequencies in the south.
No geographical structuring was observed. AMOVA AMOVA partitioned 98.3% of the total variance within populations, only 1.4% between populations within Fennoscandian and Continental groups and ®nally 0.3% between these groups. The lack of phylogeographical structure is evident from the minimum spanning network (Fig. 2) , which seems to represent a model of an expanding population. This expansion of population size is further supported by the signi®cantly negative Tajima's D values ( Table 2 ). The observed distribution of pairwise genetic distances (the mismatch distribution) followed the expected distribution of a growing population (Rogers & Harpending, 1992) in the total population, as well as in the Fennoscandian and Continental populations separately, though we lack statistical power to test this because of small sample sizes (Fig. 3) . The coalescence time of the haplotypes was estimated to be 93 500 years based on the mean genetic pairwise distance of 0.00187. This leads to the long-term eective population size of 47 000 for the whole female population or 53 000 and 41 000 females estimated from the Fennoscandian and Continental samples, respectively.
Discussion
The last glaciation in Europe started 120 000 years ago and lasted some 100 000 years. The coldest period of this Weichselian ice age was 18±20 000 years ago when the ice covered northern Europe to approximately 50°N. The ice began retreating 13 000 years ago and ®nally receded 8000 years ago. During the coldest period, habitats suitable for great tits were present only in southern parts of Europe near the Mediterranean sea, which contained several refuges where great tits could have survived. This hypothesis is supported by the existence of six allospecies of the major group which possibly originate from isolated refuges of this area (Gosler, 1993) .
If ancestral P. m. major was`trapped' in a single refuge, the population size probably decreased drastically during the coldest period. When the glacial period ended, the species rapidly occupied new habitats and the population size increased (Gosler, 1993) . The outcome of such a history is consistent with the mtDNA pattern. First, there is only one common haplotype. The other haplotypes are quite closely related to the most common one. Population expansion is supported by the mismatch distribution, the star-like parsimony network and the signi®cantly negative Tajima's D D-value. Secondly, the wide distribution of the most common haplotype and lack of geographical structure support a recent range expansion. Thirdly, the approximated coalescence time coincides with the beginning of the glacial period.
A very similar history was suggested for the redwinged blackbird (Agelaius phoeniceus) by Ball et al., (1988) . This species lacks phylogeographical structure and a single haplotype is widely distributed. The estimated coalescence times are 100 000 years and 93 500 years in blackbirds and great tits, respectively. The time of the glacial retreat is approximately the same in North America and Europe, and the blackbird possibly survived the glaciation in a single refuge, thereafter colonizing the continent rapidly (Ball et al., 1988) . MerilaÈ et al., (1997) found that one haplotype predominated in green®nches (Carduelis chloris) throughout Europe, being present in all ten sampled populations. The overall population structure resembled that of great tits, though some dierentiation between the populations was detected. This was explained by the eect of several bottlenecks during and after the glacial period and the recent growth of the population. One dierence in green®nches compared to great tits is that there is a decrease of nucleotide diversity with the increasing latitude in green®nches. The common chanch (Fringilla coelebs) populations (from Madeira, Norway, Italy and Tunisia) instead showed pronounced genetic dierentiation between the island (Madeira) and continental populations and the existence of a divergent ancestral population in Tunisia (Marshall & Baker, 1997) .
Life history and population dynamics
Closely connected to the historical range expansion is the possibility of present-day gene¯ow. Such dispersal would cause results similar to those we obtained by preventing the widely separated populations from dierentiating.
Dispersal in the great tit has been estimated for many dierent populations in long-term studies. For example, the mean natal dispersal of female great tits (P. m. newtoni) has been estimated to be about 880 m per generation in the Wytham Wood population near Oxford, UK (Greenwood et al., 1979) . Such a short dispersal combined with the site ®delity of the adults would mean that isolation by distance could cause dierentiation in the genetic structure of the populations. However, no geographical structure was detected in this study. One explanation is the fact that measures of the dispersal distances are often underestimated because only the birds staying in or near the research area will be recorded and the probability of recovery is nonuniform (Barrowclough, 1978) . Verhulst et al., (1997) recently reported that only 5% of the emigrant recruits from the same Wytham Wood population were found breeding in the surrounding area (within 2 km) and a considerable proportion of birds disperse further. Another explanation is that the long-distance movements of the juvenile¯ocks (hundreds of kilometres) are genetically eective, as suggested for Fennoscandian willow tit (Parus montanus) populations (Kvist et al., 1998) .
Human in¯uence on the northern populations, in the form of providing food for the winter and nest-boxes for breeding, has apparently had a large eect on the expansion of the range northwards and the permanent existence of the northern populations today (Haftorn, 1957; Orell, 1989) . Thus far, the existence of the northern populations, like KilpisjaÈ rvi, depends on immigration from a southern source population. This resembles what we found. Three individuals carried the common haplotype in KilpisjaÈ rvi. The other ®ve haplotypes were unique and diered from the common one by only one or two substitutions. Also these unique haplotypes may represent the source population, where they just remained undetected, but they may as well suggest a beginning of local dierentiation. The immigration from the source to the northern parts of the great tit's range is probably promoted by the partial seasonal migration which also enhances the gene¯ow.
The Harjavalta population showed a somewhat confusing pattern among the other populations in the sense that the common haplotype was not present in the sample. All the haplotypes were unique.
Island populations usually have lower levels of genetic variation than mainland populations (Frankham, 1997) . This was not true in the great tit population on Gotland. The haplotype diversity was the same as in KilpisjaÈ rvi and the nucleotide diversity was quite high. The immigration rate to another island population in Vlieland (the Netherlands) has been approximately estimated as 28% for females (Verhulst & van Eck, 1996) . Though the island of Gotland is situated further away from the mainland continent than is Vlieland, the island is larger, and there is no reason to suppose that the immigration rate to Gotland would be low enough to facilitate dierentiation. 
